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HIGHLIGHTS 


•  Pt  nanoparticles  are  loaded  on  sulfonated  graphene  with  anionic  conductive  PVA. 

•  Methanol  oxidation  properties  of  catalysts  between  PVA  and  Nafion  are  compared. 

•  Pt  on  sulfonated  graphene  outperforms  those  on  graphene  and  XC-72  carbon  powders. 

•  Sulfonate  functional  groups  on  graphene  can  improve  the  catalytic  activities. 
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In  this  study,  the  size-selected  platinum  (Pt)  nanoparticles  are  loaded  on  sulfonated  graphene  with 
polyvinyl  alcohol  (PVA)  as  the  conductive  polymer  for  fuel-cell  applications.  Methanol  oxidation  re¬ 
actions  and  reliability  of  various  catalysts  based  on  carbon  black,  graphene,  and  sulfonated  graphene 
catalyst  supports  are  compared  under  alkaline  conditions.  When  PVA  is  used  as  the  conductive  polymer 
in  place  of  Nafion,  both  the  electrochemical  active  surface  area  (ECSA)  and  the  methanol  oxidation 
property  were  superior,  irrespective  of  the  catalyst  and  support.  On  the  other  hand,  the  catalyst  with  Pt 
on  sulfonated  graphene  (Pt/sG)  outperforms  those  on  other  supports.  For  methanol  oxidation,  the 
catalyst  decay  occurs  with  a  decay  of  only  9.06%  for  Pt/sG.  It  is  suggested  that  the  sulfonate  functional 
group  on  graphene  not  only  improves  catalytic  activity  but  can  also  enhance  catalyst  reliability. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  prospect  of  using  direct  methanol  fuel  cells  (DMFCs)  in 
portable  electronic  products  is  favorable  due  to  their  high  energy 
density  [1,2],  In  1955,  during  the  early  developmental  stages  of 
DMFCs,  Justi  and  Winsel  described  a  DMFC  as  being  composed  of  a 
porous  nickel  anode  and  a  porous  nickel-silver  cathode  in  an 
alkaline  medium.  The  first  DMFC  using  solid  polymer  films  was 
designed  by  Flunger  [3],  In  addition  to  high  energy  density,  other 
advantages  to  DMFCs  include  portability,  ease  of  storage,  scalability, 
and  low  pollutant  emissions  [4],  Certain  limitations  hinder  the 
development  and  application  of  DMFCs.  These  limitations  include 
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methanol  permeability  from  the  anode  to  the  cathode  and  the  low 
catalytic  activity  [3],  In  alkaline  DMFCs,  it  is  essential  to  both 
overcome  methanol  permeability  and  enhance  ionic  conductivity. 
Numerous  researchers  have  utilized  different  polymers  in  the 
synthesis  of  alkaline  ion-exchange  membranes,  including  poly¬ 
vinylchloride  (PVC)  [5],  polyepichlorohydrin  (PECH)  [6],  poly- 
etherimide  (PEI)  [7],  polybenzimidazole  (PBI)  [8]  and  polyvinyl 
alcohol  (PVA)  [9—15],  Consequently,  the  mechanical  and  electro¬ 
chemical  properties  of  ion-exchange  membranes  have  been 
significantly  improved.  Yang  et  al.  have  used  polyvinyl  alcohol  as  a 
substrate  [14],  which  enabled  an  ionic  conductivity  as  high  as 
0.11  ScitT1  at  25  °C  [14],  Various  ionic  conductivities  of  polyvinyl 
alcohol  as  a  substrate  are  shown  in  Table  SI  with  the  comparison  of 
Nafion  115.  It  is  worthwhile  to  mention  that  the  status  of  proton 
exchange  membrane  direct  ethanol  fuel  cells  (PEM-DEFCs)  and 
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anion  exchange  membrane  direct  ethanol  fuel  cells  (AEM-DEFCs) 
has  been  reviewed  [16], 

Because  DMFCs  exhibit  high  energy  densities  and  conversion 
rates,  the  electrocatalytic  oxidation  of  methanol  has  been  exten¬ 
sively  studied  [17],  DMFCs  with  Pt  and  Pt-based  catalysts  have 
demonstrated  enhanced  efficiency  in  methanol  oxidation  and, 
therefore,  have  become  commonly  used  in  research.  The  electro- 
catalytic  oxidation  of  methanol  is  a  complex  process  because  the 
reaction  produces  a  number  of  intermediate  products  and  toxic 
materials.  Specifically,  the  use  of  Pt  and  Pt-based  catalysts  for  the 
electrocatalytic  oxidation  of  methanol  under  acidic  conditions  can 
easily  lead  to  toxic  carbon-monoxide-like  intermediates  [18,19], 
The  use  of  alkaline  electrolytes  in  place  of  acidic  electrolytes  in  fuel 
cells,  however,  has  been  demonstrated  to  provide  significant  im¬ 
provements  in  performance  [19—23].  Nevertheless,  the  scarce 
world  reserves  of  Pt  and  its  high  price  increases  the  total  cost  of  the 
system  and  thus  limits  the  feasibility  of  fuel  cells  [24],  In  addition, 
the  electrocatalytic  activity  of  methanol  oxidation  is  also  influenced 
by  numerous  factors,  such  as  the  size  and  dispersion  of  the  catalyst, 
the  characteristics  of  the  catalyst  support,  and  the  catalyst  prepa¬ 
ration  method  [22,25—28], 

The  use  of  a  carbon-based  material  as  the  catalyst  support  can 
improve  the  reactivity  and  stability  of  the  catalyst  during  electro¬ 
catalytic  oxidation.  Carbon-based  supports,  however,  may  suffer 
from  catalyst  particle  sintering  and  aggregation  because  of  weak 
interaction  between  the  carbon  and  the  catalyst  metals,  which  re¬ 
duces  the  active  catalytic  area  and  ultimately  results  in  the  loss  of 
performance  over  a  long  period  of  operation  [29],  Furthermore, 
carbon  supports  are  susceptible  to  corrosion  [Eq.  (1)],  which  can 
facilitate  both  the  loss  of  the  valuable  catalyst  through  detachment 
and  an  increase  in  the  aggregation  of  the  catalyst  [30],  This  process 
may  also  result  in  microstructural  damages  and  changes  in  the 
surface  reactivity  of  the  catalyst  and  ultimately  lead  to  a  loss  of 
electrochemical  surface  area  (ECSA)  [31  ]  and  decreased  methanol 
oxidation  activity. 

C + 2H20 -*■  C02  +  4H+  +  4e”  (E°  =  0.207V  vs.  NHE  at  25  °C) 

(1) 

Because  the  activity  of  a  catalyst  directly  corresponds  to  its 
accessible  surface  area,  a  reduction  of  the  particle  size  of  the 
catalyst  can  greatly  enhance  catalytic  activity.  Therefore,  the  par¬ 
ticle  size  effect  of  the  catalyst  must  be  taken  into  account  [32],  The 
surface  and  bulk  structure  of  the  catalyst  support  is  a  crucial  factor 
in  the  production  of  high  electrocatalytic  activity  [33—35],  A  good 
support  must  exhibit  good  electrical  conductivity,  a  high  surface 
area,  high  porosity,  and  excellent  corrosion  resistance.  The  previ¬ 
ously  mentioned  properties  predominantly  alter  the  dispersibility, 
stability,  and  electronic  properties  of  the  catalyst.  Carbon  black  was 
used  as  a  fuel  cell  catalyst  support  throughout  the  1990s.  To  in¬ 
crease  the  electro-catalytic  activity  and  stability  of  the  catalyst, 
numerous  forms  of  carbon  supports  were  developed  in  recent 
years,  such  as  ordered  mesoporous  carbon  (OMC)  [36],  carbon 
nanotubes  (CNTs)  [37—40],  carbon  gels  [41],  carbon  nanohorns 
(CNH)  [42],  carbon  nanocoils  (CNC)  [42],  activated  carbon  fibers 
(ACFs)  [43],  carbon  nanofibers  (CNFs)  [44],  boron-doped  diamonds 
(BDDs)  [45],  and  graphene  [46-59],  Jiang  et  al.  deposited  a  droplet 
of  polyvinyl  alcohol  solution  directly  onto  the  electrode  surface  to 
form  a  PVA  bond  [60],  This  step  was  followed  by  electro-oxidation 
of  ethanol  using  Pt/C  and  PtSn/C  catalysts  in  alkaline  and  acidic 
solutions.  Using  the  same  catalysts,  the  current  generated  from  the 
electro-oxidation  of  ethanol  was  higher  in  the  alkaline  environ¬ 
ment  than  in  the  acidic  environment.  Furthermore,  the  electro¬ 
oxidation  of  ethanol  under  an  open-loop  alkaline  environment 
exhibited  a  lower  potential  than  in  the  acidic  environment.  These 


results  indicate  that  alkaline  environments  can  improve  the 
electro-oxidation  efficiency  of  ethanol  [60],  Wang  et  al.  investigated 
the  durability  of  carbon  black  and  multiwalled  CNTs  (MWCNTs)  as 
carbon  supports  under  acidic  conditions.  They  found  that  MWCNTs 
were  more  durable  and  that  the  platinum  surface  area  and  atten¬ 
uation  of  the  redox  activity  were  diminished  [30],  Currently,  little  is 
known  about  the  use  of  PVA  as  a  conductive  polymer  in  an  alkaline 
environment.  In  this  paper,  PVA  and  Nafion  were  used  in  an  alkaline 
environment  to  investigate  the  reliability  of  platinum  on  carbon 
(Pt— C),  platinum  on  graphene  (Pt-G),  and  platinum  on  sulfonated 
graphene  (Pt-sG)  catalysts  using  cyclic  voltammetry  (CV)  during 
the  electro-oxidation  of  methanol. 

2.  Experimental 

2.1.  Reagents 

The  reagents  used  in  this  investigation  were  platinum  tetra¬ 
chloride  (99%,  Acros  Organics),  ethylene  glycol  (99%,  J.T.  Baker), 
sulfuric  acid  (97—99%,  Merck  G.R.),  methanol  (99.8%,  Fluka),  a  so¬ 
lution  of  tetrafluoroethylene-hexafluoropropylene  copolymer 
(5  wt.%,  DuPont),  polyvinyl  alcohol  (average  molecular  weight 
70,000-100,000,  Sigma— Aldrich),  nitrogen  (99.99%),  carbon  diox¬ 
ide  (99.99%),  ammonium  sulfate  (99%,  J.  T.  Baker),  and  potassium 
hydroxide  (Sigma— Aldrich). 

2.2.  Synthesis  of  grapheme  oxide  and  sulfonated  graphene 

Graphene  oxide  powders  were  prepared  following  Stau- 
denmaier’s  method  and  then  reduced  to  graphene  powders  by 
annealing  at  1050  °C  under  an  argon  atmosphere  [61,62],  To  pre¬ 
pare  sulfonated  graphene,  graphene  was  added  to  a  solution  of 
aqueous  ammonium  sulfate  (0.001  g  in  40  mL  of  deionized  water). 
The  solution  was  then  heated  to  235  °C,  filtered,  and  dried  [63], 

2.3.  Preparation  of  Pt-C,  Pt-G  and  Pt-sG  catalysts 

A  size-selected  Pt  colloidal  solution  was  synthesized  following 
the  procedure  as  described  in  previous  study  [27,64—66],  Carbon 
black,  XC-72R,  graphene  and  sulfonated  graphene  were  separately 
mixed  with  the  size-selected  Pt  colloidal  solution  in  a  2  M  solution 
of  sulfuric  acid  and  ethylene  glycol  (1:1  volume  ratio)  and  stirred 
for  24  h.  The  mixture  was  sonicated  with  an  ultrasonic  bath  (Dleta 
DC300, 40  kHz  and  300  W)  for  8  h  and  filtered  and  dried  for  48  h  to 
yield  the  Pt/C,  Pt/G,  and  Pt/sG  catalysts,  respectively.  The  Pt-C,  Pt-G, 
and  Pt-sG  catalysts  were  mixed  with  deionized  water,  ethanol,  and 
conductive  polymer  to  generate  the  catalyst  inks,  as  described 
previously  [64],  The  three  kinds  of  catalyst  were  separately  mixed 
with  DI  water,  ethanol,  and  Nafion  and  then  ultrasonically  treated 
in  order  to  form  Pt/C(Nafion),  Pt/G(Nafion),  and  Pt/sG(Nafion)  inks, 
respectively.  When  PVA  is  used  instead  of  Nafion,  the  three  kinds  of 
Pt/C(PVA),  Pt/G(PVA),  and  Pt/sG(PVA)  inks  were  also  formed. 
Approximately  10  pL  of  the  catalyst  ink  was  deposited  onto  a  glassy 
carbon  electrode  and  allowed  to  dry  at  room  temperature  to  modify 
the  electrode.  The  platinum  loading  is  around  11  pg  cm”2  in  the 
electrodes. 

2.4.  Instrumentation  and  electrochemical  measurements 

Transmission  electron  microscopy  (TEM,  Jeol  JEM-1230, 100  kV) 
was  used  to  characterize  the  sample  morphologies,  and  an  elec¬ 
trochemical  analyzer  was  used  to  evaluate  the  electrochemical 
characteristics.  After  setting  up  the  three-electrode  device  (a  glassy 
carbon  electrode  was  used  as  the  working  electrode,  mercury/ 
mercury  oxide  was  used  as  the  reference  electrode,  and  a  platinum 
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coil  was  used  as  the  auxiliary  electrode),  a  1  M  nitrogen-purged 
potassium  hydroxide  solution  was  passed  through  the  electrode 
assembly.  The  measurements  were  collected  with  a  scan  rate  of 
50  mV  s  and  the  potential  range  was  -1.0  to  0.2  V.  The  above  test 
was  repeated  for  a  nitrogen-purged  solution  of  1  M  potassium 
hydroxide  +0.5  M  methanol  using  the  same  scan  rate  of  50  mV  s  1 
and  the  potential  range  of  -1.0  to  0.2  V. 

To  test  the  reliability  of  the  fabricated  catalysts,  each  catalyst 
was  subjected  to  100  scans  at  100  mV  s  1  under  a  nitrogen-purged 
1  M  potassium  hydroxide  solution.  The  catalyst  was  then  subjected 
to  a  nitrogen-purged  1  M  potassium  hydroxide  +0.5  M  methanol 
electrolyte  solution  for  the  electro-oxidation  of  methanol  after  the 
10th,  25th,  50th,  75th,  100th,  150th,  and  200th  scans  in  a  standard 
1  M  potassium  hydroxide  solution.  Finally,  the  methanol  oxidation 
performance  of  the  catalyst  was  evaluated  by  measuring  the  elec¬ 
trochemical  active  surface  area  after  each  of  the  previously 
mentioned  scan  intervals.  The  electrochemical  active  surface  area  is 
an  important  factor  in  electrochemical  measurements;  it  is  often 
calculated  using  hydrogen  adsorption,  desorption  isotherms  and 
the  following  equations: 


ESA(V  ,A  Qh(pC) 

..  K1"2) 

(2) 

^  2  210(p.CcirT2)  x  Wpt(g) 

10, 000  (cm2) 

ECSA  (cm2)  -  , 

(3) 

'  >  210(pCcm~2) 

Qh  is  the  average  charge  integrated  from  the  hydrogen  adsorption/ 
desorption  region  in  a  cyclic  voltammogram.  wpt  is  the  total  weight 
of  Pt  used  in  the  catalyst  layer. 


3.  Results  and  discussion 

3.1.  Characterization  ofPt  nanoparticles  on  various  carbon  supports 

Fig.  1  shows  the  TEM  images  of  the  three  catalysts— Pt/C,  Pt/G, 
and  Pt/sG— at  different  magnifications.  The  distribution  of  the 
platinum  nanoparticles  across  the  carbon  supports  can  be  observed 
in  each  image.  Most  of  the  platinum  nanoparticles  are  approxi¬ 
mately  several  nanometers  in  diameter,  and  as  evident  in  the  figure, 
the  density  of  the  attached  nanoparticles  on  the  sulfonated  gra¬ 
phene  is  much  higher  than  that  on  the  unsulfonated  graphene. 

3.2.  Effects  of  various  catalyst  systems  on  electrochemical 
properties 

Fig.  2  shows  the  effects  of  the  addition  of  PVA  and  Nafion  to  each 
catalyst  ink  on  their  cyclic  voltammograms.  Fig.  2  (a),  (b),  and  (c) 
show  the  CV  curves  for  Pt/C,  Pt/G,  and  Pt/sG,  respectively,  when 
PVA  and  Nafion  were  added  as  the  anionic  conductive  polymer. 
Fig.  2  (d)  shows  the  overlay  of  the  CV  curves  of  the  three  different 
catalysts.  When  Nafion  was  replaced  with  PVA,  which  resulted  in 
an  increase  in  ECSA,  the  value  of  ECSA  for  Pt/C(PVA),  Pt/G(PVA),  and 
Pt/sG(PVA)  are  88.08,  233.62,  and  238.37  m2g,.t1,  respectively.  The 
values  of  ECSA  for  the  two  polymers,  Nafion  and  PVA,  systems  in¬ 
crease  as  follow:  Pt/C  <  Pt/G  <  Pt/sG.  Under  alkaline  conditions,  the 
CV  curves  can  be  qualitatively  segmented  into  (1)  the  under¬ 
potential  deposited  hydrogen  zone  (Hund);  (2)  the  high-potential 
irreversible  oxide  formation  zone,  also  known  as  the  irreversible 
hydrogen  adsorption  zone  (OHad,  jn-ev):  and  (3)  the  region  between 
the  underpotential  and  the  high-potential  zones,  known  as  the 
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Fig.  2.  Effect  on  the  CV  < 
rate:  50  mV  s-1). 


Potential  /  V  vs.  MMO  Potential  (V  vs.  MMO) 


i  of  the  addition  of  PVA  and  Nafion  to  the  catalyst  inks  for  (a)  Pt/C,  (b)  Pt/G,  and  (c)  Pt/sG;  (d)  overlay  of  all  three  catalysts  (electrolyte:  1  M  KOH;  scan 


reversible  hydrogen  adsorption  zone  (OHa(j,rev)  [67],  The  overall 
reaction  pathway  includes  hydrogen  desorption,  which  is  imme¬ 
diately  followed  first  by  the  reversible  adsorption  of  OH  and  then 
by  irreversible  oxide  formation  [22],  This  mechanism  was 
confirmed  by  titration  of  the  OHad  present  at  the  Hund  with  a  CO 
oxidation  reaction  [68],  Compared  to  the  structure  of  Nafion  with  a 
sulfonate  ionic  group,  the  existence  of  hydroxyl  group  in  PVA  is 
shown  in  Scheme  1.  It  is  easy  to  find  that  the  number  of  mole 
percent  of  hydroxyl  group  in  PVA  is  higher  than  that  of  sulfonate 
ionic  group  in  Nafion.  Due  to  the  higher  content  of  functional  group 
in  PVA,  the  higher  values  of  ECSA  were  found  for  the  PVA  systems 
than  those  of  Nafion  systems. 

Fig.  3  shows  the  effects  of  the  addition  of  PVA  and  Nafion  to  each 
catalyst  ink  on  the  methanol  oxidation  reaction  (MOR).  Fig.  3  (a), 
(b),  and  (c)  show  the  CV  curves  for  Pt/C,  Pt/G,  and  Pt/sG,  respec¬ 
tively,  when  PVA  and  Nafion  were  added  as  the  anionic  conductive 
polymer.  The  methanol  oxidation  performance  of  all  three  catalysts 
was  measured  under  alkaline  conditions  (1  M  KOH  +  0.5  M  MeOH). 
Based  on  this  figure,  the  methanol  oxidation  performance  signifi¬ 
cantly  increased  when  PVA  was  used  in  place  of  Nafion,  irrespective 


(a) 


^(cf2-cf2^-cf2-cf^- 


(b) 


UH 


[jMn 
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Scheme  1.  The  structures  of  (a)  Nafion  and  (b)  polyvinyl  alcohol  (PVA). 


of  the  catalyst  used.  Fig.  3  (d)  shows  the  overlay  of  the  CV  curves  for 
all  three  catalysts.  The  driving  force  for  methanol  oxidation  is 
dependent  on  a  delicate  balance  between  the  rate  of  dehydroge¬ 
nation  of  methanol  and  the  reaction  of  COad  [22,69]: 


CH3  OHsol  — ► CH3  OHad  — >  COad  +  4H+  +  4e-  (4) 

The  dehydrogenated  product  COad  reacts  with  the  electron- 
donating  oxygen  species  OHad  in  an  alkaline  solution  (OH-): 


OH-  — ►  OHad  +  H+  +  e-  (5) 

and  then  undergoes  a  Langmuir-Hinshelwood-type  reaction: 


COad  +  20Had  +  30H  -*C03  +  2H20  +  e-  (6) 

At  low  potentials,  OHad  facilitates  catalysis,  whereas  at  high 
potentials,  OHad  suppresses  oxide  formation.  Therefore,  an  increase 
in  the  methanol  oxidation  performance  can  be  achieved  both  by  an 
enhancement  of  the  activity  of  the  intermediates  and  by  the 
removal  of  the  greatest  amount  of  COad  using  the  least  amount  of 
OHad  [69],  The  initiation  of  catalysis  correlates  with  the  adsorption 
of  OH-  ions.  From  Fig.  3,  catalysis  was  initiated  at  a  lower  potential 
when  PVA  was  used  as  the  anionic  conductive  polymer  in  place  of 
Nafion.  This  result  suggests  that  PVA  can  more  readily  conduct  OH 
ions,  which  results  in  a  faster  accumulation  of  OHad  for  the  removal 
of  CO.  From  the  methanol  electrooxidation  reaction  in  alkaline 
media,  it  indicates  that  the  initiation  of  catalysis  correlated  with  the 
adsorption  of  OH-  on  the  catalyst  system  [69],  By  comparing  with 
the  structure  of  Nafion,  the  interaction  between  the  hydroxyl  group 
of  PVA  and  hydroxide  anion  by  forming  the  hydrogen  bonding  [70] 
will  be  more  significant  than  that  between  the  sulfonate  ionic 
group  in  Nafion  and  hydroxide  anion.  With  both  effects  of  mole 
percent  of  functional  group  of  hydroxyl  group  and  hydrogen 
bonding  with  hydroxide  anion,  the  values  of  ECSA  and  mass  activity 
for  PVA  systems  are  higher  than  those  of  Nafion  system. 
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Fig.  3.  Effect  of  the  addition  of  PVA  and  Nafion  to  the  catalyst  ink  on  the  MOR:  (a)  Pt/C,  (b)  Pt/G,  and  (c)  Pt/sG;  (d)  overlay  of  all  three  catalysts  (electrolyte:  1  M  KOH  +  0.5  M  MeOH; 
scan  rate:  50  mV  s-1). 


3.3.  Effects  of  catalyst  supports  on  the  reliability 

Fig.  4  shows  the  CV  curves  of  each  catalyst  after  various  numbers 
of  cycles.  Fig.  4  (a),  (b),  and  (c)  show  the  CV  curves  of  Pt/C,  Pt/G,  and 
Pt/sG,  respectively.  The  influence  of  the  molecular  weight  of  the 
PVA  on  each  catalyst  is  noteworthy  and  the  molecular-weight- 
dependent  electrochemical  properties  were  studied  and  the  re¬ 
sults  showed  that  the  optimal  molecular  weight  of  PVA  is  about 
70,000-100,000.  The  electrochemical  active  surface  areas  were 
calculated  from  the  low-potential  hydrogen  desorption  zone.  The 
hydrogen  desorption  area  decreased  with  an  increase  in  the 


number  of  cycles,  and  it  can  be  observed  from  the  three  figures  that 
the  catalyst  decay  was  most  severe  for  Pt/C  and  least  severe  for  Pt / 
sG.  Fig.  5  shows  the  MOR  curve  for  each  catalyst  after  various 
numbers  of  cycles.  This  experiment  was  designed  to  investigate  the 
reliability  of  each  catalyst  when  PVA  was  used  as  the  anionic 
conductive  polymer  under  alkaline  conditions.  Fig.  5  (a),  (b),  and  (c) 
show  the  MOR  curves  for  Pt/C,  Pt/G,  and  Pt/sG,  respectively. 
Detailed  values  for  each  catalyst  are  summarized  in  Tables  1-3.  As 
evident  in  the  three  panels  in  Fig.  5,  the  methanol  oxidation  per¬ 
formance  was  greatest  at  the  50th  cycle.  This  result  suggests  that 
the  catalyst  did  not  completely  activate  before  the  50th  cycle  and 


Potential  (V  vs.  MMO)  Potential  (V  vs.  MMO) 


Fig.  4.  Effect  of  the  number  of  cycles  on  the  CV  < 
1  M  KOH;  scan  rate:  50  mV  s-1). 


;  for  each  catalyst:  (a)  Pt/C(PVA),  (b)  Pt/G(PVA),  and  (c)  Pt/sG(PVA);  (d)  overlay  of  all  three  catalysts  (50th  cycle)  (electrolyte: 
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Fig.  5.  Effect  of  the  number  of  cycles  on  the  MOR  for  each  catalyst:  (a)  Pt/C(PVA),  (b)  Pt/G(PVA),  and  (c)  Pt/sG(PVA);  (d)  overlay  of  all  three  catalysts  (50th  cycle)  (electrolyte:  1  M 
KOH  +  0.5  M  MeOH;  scan  rate:  50  mV  s_1). 


that  the  carbon  supports  began  to  corrode  after  the  50th  cycle  [28], 
Aggregation,  sintering,  and  poisoning  of  the  catalysts  caused  the 
decrease  in  the  ECSA,  which  resulted  in  decreased  methanol 
oxidation  performance  [29],  Fig.  6  (a)  and  (b)  show  the  normalized 
ECSA  and  effective  surface  area  (ESA)  curves,  respectively,  from 
which  the  hydrogen  desorption  area  of  Pt/C  was  observed  to 
decrease  from  112.58  (m2g-1pt)  to  30.03  (m2g_1pt)— a  decay  of 
73.33%.  For  Pt/sG,  the  hydrogen  desorption  area  decreased  from 
257.58  (mW)  to  213.18  (mW)— a  decay  of  only  17.24%.  The 
calculated  decay  for  Pt/G  was  30.92%.  Based  on  the  ESA  decay  rate, 
it  can  be  concluded  that  graphene  provides  significantly  more 
resistance  against  catalyst  decay  than  does  carbon  black.  This  result 
is  attributed  to  the  greater  surface  area  of  graphene,  which 


enhances  the  accessibility  of  Pt.  In  addition,  the  sulfonated  gra¬ 
phene  can  further  resist  catalyst  decay,  which  is  attributed  to  the 
greater  distribution  of  Pt  on  this  support.  Fig.  6  (c)  and  (d)  showed 
the  normalized  mass  activity  and  geometric  activity  of  different 
catalysts  after  various  numbers  of  cycles,  which  can  be  used  to 
elucidate  the  rate  of  decay  for  each  catalyst.  Not  only  did  Pt/sG 
exhibit  a  methanol  oxidation  performance  superior  to  that  of  the 
other  two  catalysts  but  its  performance  only  decreased  from 
2371.31  (mAmg  ’pt)  to  2156.54  (mAmg_1pt)  under  repeated 
cycles— a  decay  of  only  9.06%.  The  decay  for  the  Pt/C  catalyst  was  as 
high  as  55.89%.  These  results  further  confirm  that  the  use  of  sul¬ 
fonated  graphene  as  the  carbon  support  not  only  increases  meth¬ 
anol  oxidation  performance  but  also  significantly  enhances 


Table  1 

Summary  of  the  measured  characteristics  of  the  Pt/C(PVA)  catalyst  support  after  different  numbers  of  scan  cycles. 


Cycles 

ECSA 

(cm2pt) 

ESA 

(m2g-1pt) 

(mAmg  'pt) 

Geometric  activity 
(mAcm“2) 

Specific  activity 
(mAcm-2EcsA) 

If/lb 

MOR  onset 
potential  (V) 

MOR  peak  current 
potential  (V) 

10 

2.67 

112.58 

563.29 

6.80 

0.50 

1.87 

-0.415 

-0.143 

25 

2.63 

111.18 

609.71 

736 

0.55 

2.40 

-0.438 

-0.151 

50 

2.08 

88.08 

666.67 

8.05 

0.76 

2.06 

-0.434 

-0.169 

75 

1.91 

470.46 

5.68 

0.58 

2.25 

-0.391 

-0.137 

100 

1.42 

60.28 

361.06 

4.36 

0.60 

2.11 

-0.387 

-0.160 

150 

0.97 

41.22 

334.18 

4.04 

0.82 

2.79 

-0.394 

-0.177 

200 

0.71 

30.03 

294.09 

3.55 

0.98 

2.18 

-0.374 

-0.171 

Summary  of  the  measured  characteristics  of  the  Pt/G(PVA)  catalyst  support  after  different  numbers  of  scan  cycles. 


Cycles 

ECSA  (cm2pt) 

ESA  (m2g-1pt) 

Mass  activity 
(mAmg-V) 

Geometric 
activity  (mAcm-2) 

Specific  activity 
(mAcm2EcsA) 

If/Ib 

MOR  onset 
potential  (V) 

MOR  peak  current 
potential  (V) 

10 

5.99 

253.16 

1364.56 

16.48 

0.54 

2.20 

-0.467 

-0.108 

25 

5.79 

244.54 

1454.43 

17.56 

0.60 

2.40 

-0.461 

-0.119 

50 

5.53 

233.62 

1501.69 

18.14 

0.64 

2.33 

-0.462 

-0.147 

75 

5.30 

223.66 

1430.80 

17.28 

0.64 

2.18 

-0.453 

-0.133 

100 

5.15 

217.67 

1385.65 

16.73 

0.64 

2.11 

-0.446 

-0.134 

150 

4.51 

190.59 

1245.15 

15.04 

0.65 

1.97 

-0.446 

-0.122 

200 

4.14 

174.88 

1162.03 

14.03 

0.67 

1.92 

-0.445 

-0.124 
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Table  3 

Summary  of  the  measured  characteristics  of  the  Pt/sG(PVA)  catalyst  support  after  different  numbers  of  scan  cycles. 


Cycles  ECSA  (cmV) 


10  6.10 

25  5.89 

50  5.64 

75  5.51 

100  5.38 

150  5.10 

200  5.05 


ESA(mVVt) 


257.58 

248.82 

238.37 

232.87 

227.15 

215.41 

213.18 


Mass  activity  Geometric  activity  Specific  activity  If/lb 

(mAmg  1  Pt)  (mAcm“2)  (mAcm“2ECsA) 


2092.41  25.27 

2275.11  27.48 

2371.31  28.64 

2319.41  28.01 

2267.09  27.38 

2210.13  26.69 

2156.54  26.04 


0.81  2.25 

0.92  2.46 

1.00  2.52 

1.00  2.49 

1.00  2.46 

1.03  2.43 

1.01  2.13 


MOR  onset 

potential  (V) 

-0.485 

-0.481 

-0.482 

-0.481 

-0.479 

-0.477 

-0.484 


MOR  peak 

current  potential  (V) 


-0.138 

-0.124 

-0.105 

-0.126 

-0.124 

-0.124 

-0.145 


Cycle  number 


Cycle  number 


Fig.  6.  Comparison  of  the  performance  of  the  catalysts  at  different  cycles:  (a)  ECSA  (b)  ESA  (c)  mass  activity,  and  (d)  geometric  activity. 


reliability.  This  improvement  in  the  methanol  oxidation  perfor¬ 
mance  is  also  attributed  to  the  interactive  synergy  between  the 
metallic  catalyst  and  the  sulfonated  graphene  support  [71], 


when  Pt/sG  was  used.  This  result  also  confirms  that  sulfonated 
graphene  not  only  increases  catalytic  activity  but  can  also  enhance 
catalyst  reliability. 


4.  Conclusions 

In  summary,  the  effects  of  the  use  of  colloidal  Pt  nanoparticles, 
different  catalyst  supports,  and  polyvinyl  alcohol  as  the  anionic 
conductive  polymer  were  investigated  with  respect  to  methanol 
oxidation  performance.  Differences  in  the  methanol  oxidation 
performance  were  compared  for  carbon  black,  graphene,  and  sul¬ 
fonated  graphene  catalyst  supports,  as  well  as  between  polyvinyl 
alcohol  and  Nafion  as  the  anionic  conductive  polymer.  Under 
alkaline  conditions,  when  PVA  was  used  as  the  anionic  conductive 
polymer  in  place  of  Nafion,  both  the  ECSA  and  the  methanol 
oxidation  performance  were  superior,  irrespective  of  the  catalyst 
and  support.  In  reliability  tests,  not  only  did  Pt/sG  out-perform  Pt/C 
and  Pt/G  in  ESA,  the  catalyst  decay  also  dropped  from  73.33%  to 
17.24%  when  Pt/sG  was  used  in  place  of  carbon  black.  These  results 
suggest  that  sulfonated  graphene  can  increase  the  dispersibility  of 
the  Pt  catalyst  and  increase  its  accessibility.  For  methanol  oxidation, 
the  maximum  performance  was  attained  after  the  50th  cycle, 
which  suggests  that  all  catalysts  had  been  fully  activated  at  that 
time.  Catalyst  decay  was  observed  to  occur  after  the  50th  cycle, 
with  a  decay  of  55.89%  for  Pt/C;  this  value  was  reduced  to  9.06% 
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